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Title: F/NAS/UAH/Replicated/Composite Optics Development
Objectives in SOW:
1 Prepare replication samples of electroless nickel coated aluminum. Determine process
requirements for plating XRCF test optic.
2) Prepare and assemble plating equipment required to process a demonstration optic.
3) Characterize mandrels, replicas and test samples for residual stress, surface contamina-
tion and surface roughness and figure using equipment at MSFC.
4) Provide technical expertise in establishing the processes, procedures, supplies and
equipment needed to process the XRCF test optic.
5) Reports - Three Quarterly and Final.
1.0 SCOPE AND PURPOSE
Advanced optical systems for applications such as grazing incidence Wolter I x-ray mirror
assemblies require extraordinary mirror surfaces in terms of fine surface finish and figure. The
impeccable mirror surface is on the inside of the rotational mirror form. One practical method of
producing devices with these requirements is to first fabricate an exterior surface for the optical
device then replicate that surface to have the inverse component with lightweight characteristics.
The replicate optic is not better than the master or mandrel from which it is made. This task is a
continuance of previous studies to identify methods and materials for forming these extremely
low roughness optical components.
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2.0 MANDREL IMPROVEMENT STUDIES
2.1 Selected Procedures for Mandrel Preparation
The actual requirements for the x-ray mirror components are surfaces after replication to be
achieved with sub-nanometer surface finish. Ideally the surface should be as smooth as physi-
cally possible. This requires careful mandrel preparation and cleaning at the gold deposition step
after the mandrel has been fabricated. The electrolytic gold deposition process has been dropped
in favor of electron beam melt vacuum deposition gold.
Steps for the production of improved mandrels have been studied on two inch diameter coupons
and on the XRCF mandrels which have permitted fabrication of x-ray testable mirrors.
2.1.1 Aluminum Metal Selection and Preparation
Two issues are considered in the selection and preparation of the aluminum mandrel. First the
material must be free of residual stress which would cause deformation due to relaxation after
machining and also free of inclusions or voids.
It has been determined that aluminum alloy 6061 in T-6 heat treatment condition which is
relatively pure aluminum will respond well for mandrel fabrication if the material is a good
grade. This material is heat treated a second time after rough machining to eliminate surface
stress. This alloy is precipitation hardenable meaning that certain elements are present which are
less soluble at lower temperature and exceed equilibrium concentrations upon rapid cooling from
the melt. In the 6061 this is primarily the copper and silicon which are quenched into a supersat-
urated solid solution with both solute and vacancies present. Next the aluminum is heated from
about 250 to 450 ° F depending on material and sample thickness. For the 6061 to be treated to
maximize the strength and hardness a temperature of 375 ° F is typically used to form the
maximum pinning sites and highest strength, both yield and ultimate. The time may vary from
four to sixteen hours depending on the thickness of the sample. This condition is carefully
controlled by the manufacturer. After rough machining prior to diamond machining the material
is taken to 375 ° F for one hour to relieve stress due to severe deformation at the surface. For
large pieces requiring maximum stability, two or more cycles of LN2 cooling and subsequent
immersion in hot water may be specified. For this operation the preferred method is to suspend
the part above the liquid nitrogen for ten minutes or until the part is uniformly precooled. After
ten minutes the part is immersed until the nitrogen ceases boiling. At this time it is removed and
immersed in boiling hot water until the part is at the boiling temperature. This process may be
repeated for large or thick pieces. This step will reverse the stored stress from the original heat
treatment quenching cycle from the solution heat treatment. Ideally the aluminum is overaged
slightly prior to this rather severe process, but not to the extent that the strength and hardness are
seriously compromised. An exception may be if the material was severely bent or deformed such
as in a forging or hot forming operation. In this case there may be no alternative other than to
reduce the mechanical properties by overaging to eliminate the residual stress.
2.1.2 MaterialDefects
Themandrelplatedcoatingmaypossiblycontaindefectsfrom at leastthreemajorcategories:
1)
2)
3)
Manifested by the original aluminum material
Induced by the plating process or other chemical operations
Induced by the polishing operations.
These defects may ultimately be in the form of loosely included material which will be lifted by
the gold after replication.
Known examples of uncontrolled defect sites include porosity or particulates in the base
aluminum metal prior to coating, porosity in the nickel due to excessive trapped hydrogen
emanating from the metal surface during plating and imbedded or trapped lapping particles,
especially diamond, resulting from the polishing.
A difficult issue is the fact that nearly all U.S. aluminum currently produced contains a certain
percentile of scrap aluminum. This in turn imparts particulates of contaminating elements such
as iron and glass which are within the testing requirements for the alloy. These particles are not
solid solution material and can manifest as defects in the diamond turned part and even chip the
diamond tool causing chatter marks.
In order for the plating to properly cover these defects it is required that the surface be carefully
prepared using a displacement reaction with zinc and the aluminum surface. An additional
precaution is to apply a strike coating at low plating current (Faradaic) efficiency to help bridge
these particles. We have determined that this is better dealt with by procuring certified alumi-
num from an established source although a certain amount of impurity particulates may still be
present,
Hydrogen can be driven into the lattice structure of the aluminum (or other metals) by etching or
stripping a prior coating for rework or improperly etching the aluminum such as chemical milling
to change the dimensions. Proper chemical milling using an anodic process is acceptable. For
the reaction H 2 = 2H ÷+ 2e the pressure of the hydrogen is related to the surface potential of the
metal and the pH of the solution by Eo - 0.000 - 0.0591 pH - 0.0295 log(Pro) where E 0 is the
surface potential and Pm is the hydrogen pressure in atmospheres. This can lead to enormous
surface pressures of thousands of atmospheres in strongly acid solutions. When a part must be
stripped in acid for rework it should also be baked to remove the hydrogen by diffusion prior to
replating.
2.1.3 Nickel - Phosphorous Plating Process Selection
Approximately 40 aluminum samples have been single point diamond machined and used for
this study. The samples were plated with electroless nickel ranging from 8% to 13% phospho-
rous by weight. The electroless nickel coatings were either directly polished or re-turned with
the single point diamond turning process and then polished. Electroless nickel plated aluminum
samplesplatedwith nominally11Wt% phosphorousfor surfacefinish andpassivationstudies
havebeencompleted.Thealuminumalloyusedis606l-T6 hardnesswhich is easilymachined
by singlepoint diamondturning. A portionof thesampleswereplatedon2021- T6. Addition-
ally bothcouponsandselectedmandrelsweresentto outsidevendorsby MSFC. This activity
will bereportedseparatelyby MSFC. Tensamplessentto OCA wereplatedby their processand
sevenwerepolishedatOCA with resultingmeasurementsrangingfrom about3 to 10Arms
A majordrawbackpreviouslyexperiencedby MSFCwastheelectrolessnickel platingprocess
instability. This hasbeenmitigatedby theswitchto adifferentproduct. Theelectrolessnickel
solutionselectedis theEnthoneCorporationADP-300(QA) processwhichto dateappearsto be
stableandconsistentlyproducesagivenalloyat anacceptableplatingrateof about6 micronsper
hour. This processhasbeenstudiedin detail to determinetheoptimumconditionsto achieve
phosphorousconcentrationfrom about9%Pto about13%P maximum.Under theproper
platingconditionsfor metalandhypophosphitecontent,thealloycompositionis almost
completelydependentonpH. TheEnthoneplatingprocesshasbeenin servicesinceFebruary
1995with no majordifficulties noted.
Mandrelshavebeenpreparedwith analloyrangeof about9%to 13%by weightphosphorous.
Thealloy is controlledby concurrentlyplating referencestripsalongwith themandrel.The
stripsareremovedatappropriatetimesandanalyzedto within 0.2%phosphorousby x-ray
fluorescence.This yieldsa valuefor the instantaneousplatingalloy andalsothethickness
determinestherateup to thetime of removal. AppendixI showstypicalresultsaccurateto about
0.2%byweight.
This processwill producelappedpartswhichmeetor exceedtherequired_10angstromrms
levelwheneitherdiamondturnedasecondtimeprior to lappingor whendirectly lappedafter
platingusingeitherdiamondpasteor aluminumoxidecompounds.It hasbeenshownthat the
diamondlappingmaterialmayleaveimbeddeddiamondsin thesubstrate.Theobjectiveshave
now beenmovedupwardto seeka continuoussurfaceof __5 angstroms(0.5nanometer)rms.
Additional tests have shown that the deposit is readily lapped to sub-nanometer values both on
the coupons and on the actual XRCF mandrels when properly diamond turned.
After the electroless nickel plating the mandrel is subjected to a mild heat treatment of 275 ° F for
four hours to improve adhesion of the coating to the aluminum prior to diamond machining of
the nickel phosphorous. If a very heavy coating of Ni-P is used, over 0.007 inches in thickness,
then it is wise to reduce the temperature to 250 ° F for a longer period of 16 hours to avoid undue
stress in the coating due to CTE mismatch. For this thicker nickel coating the material can be
considered to behave as if the material has no plastic response due to the lack of ductility in the
"glassy" or nearly amorphous I 1% by weight phosphorous alloy which does not yield as readily
as the thinner coatings. A stress of about 7000 psi occurs at 275 ° F in the l0 inch diameter part
with a coating in excess of 0.007 inches. If the residual plated stress in the coating adds
additional tensile stress it may actually crack or peel off during an adhesion heat treatment of
275 ° F.
2.1.4 CleaningProcedures
Foreignmaterialisdifficult to removefrom anopticalsurface,particularlyfrom thegold layer
within thereplicateif thecontaminantis from themandrel.Thisdifficulty is preeminentwhether
thegold is vacuumevaporatedor electroplatedontothemandrel.It is imperativethat the
polishednickel surfaceis freeof imbeddedmaterialandproperlycleanedprior to depositionof
thegoldto avoid lifting anycontaminatesfrom themandrelafterreplication. Theproblemof
imbeddedmaterialon thesurfaceis particularlydifficult sincelappingwith verysmallparticles
suchasacolloidal solutionof silica or graphitemayfill defectsitesgiving theappearanceof a
bettersurface.Thismayleadto removalof thefilling materialafterreplicationwith the goldand
thesubsequentnickel shell. For studyingtheelectrolessnickelpolishedsurface,theuseof
ESCA,EDX andion milling havebeenusedto determinethelevel of contaminantsincluding
polishingmaterialsandpossibleplatingdefects(SeereportbyTom Kante,UAH - 1997).
Different categoriesof solventsusedfor removalof lappingcompoundsfrom opticswerealso
investigated.OPTICLEAR(TM), a seriesof nonaqueousolvents,andahotcitric acidbased
aqueouscleaner,BowdenAW-100 (TM), wereevaluatedasimprovedcleaners.Acetoneand
alcoholsabsorbatmosphericmoistureandimpuritiesleavingresidueunlessabsolutegradesof
microcircuitquality mustbeusedin adry andcleanenvironmento minimizecontamination.
Theacceptedprocedurefor cleaningthepolishedor diamondturnedmandrelsurfacesincludes
ultrasoniccleaningin theBowdencitric acidbasedsolutionfollowed bythoroughrinsing in de-
ionizedwateranddryingwith high puritynitrogen. Prior to thedepositionof goldthe samples
werecleanedby adilute(2 to 3%weight) rinsewith ammoniumhydroxide,highpurity water
rinsefollowed by blowingdry with highpurity nitrogen.This wasfollowed by dragwiping with
electronicgradeacetoneonlenstissuesfollowed byblowingdry with highpurity nitrogena
secondtime.
2.2 DepositedGold for ReplicateOpticalSurface
Two methodsof depositingthegoldreflectivesurfacefor themirror havebeeninvestigated.The
first is to depositgoldusinganelectronbeamevaporationprocessin avacuumsystem.The
secondis to passivatethenickelsurfaceanddepositgoldby electrodepositionfrom anaqueous
electrolyte. Only theelectrolyticgoldplatingprocessrequirestheadditionalpassivationstep. It
is necessaryfor the lappednickelphosphorousurfaceto besubjectedto ananodicelectrolytic
processto form anoxidecontainingnickel, phosphorousandoxygen. This is to controlthe
adhesionsuchthatthegold will releasereadilyfrom thepolishedmandrel.This processis
diffusioncontrolledsuchthatthenickel from thesurfacemigratesthroughtheforming oxide as
thecurrentis applied. As thesurfaceoxideforms andthethicknessincreases,thepotentialat the
oxidesurfaceincreaseslimiting thethicknessof theoverall oxide.
Thecompleteprocessfor theelectrochemicalpassivationprocessis outlinedin D.O. 111,May
1995Final Report.
2.2.1 ElectrolyticGold DepositionProcessfor ElectrolessNickel
A comparisonwasmadebyreplicationof samplesfrom thepolishedmandrelcoatingof nickel
phosphorousdirectly usingvacuumdepositedgoldor from theelectrochemicallyoxidizednickel
phosphorous,usingelectrodepositedgold. Thesampleswerereplicatedon polishedelectroless
nickel substratesandbackedwith at least0.5millimetersof low stressnickel. A fixture was
built to holdthecirculardiskpartsduringtheelectroplatingto achieveauniform depositand
uniformly low stress.Pre-cleaningandpreparationof themandrelswasaccomplishedby first a
hot acidcitratecleaning,stepfollowed bycathodicallyreducinganyspontaneousoxidefor two
minutes. Thepassivationprocesswasaccomplishedin a Rochellesaltsolutionusingcomputer
controlandappearedto beveryreliablein that all theshellsproducedreleasedreadilywith one
exception.This piecehadapoorpassivationdueto theuseof thewrongselectionof sealing
material. In thiscasethecomputerprocessindicatedadifferencefrom previouspartsbut atthe
timeit wasnotunderstood.Thesealdecomposedslightlycontaminatingthesurfaceandaffected
theuniformity of theoxidationfilm causingaportionof thesubsequentshell to adhere.
2.2.2 ElectronBeamMeltedGoldVacuumDeposition
Goldfrom thevacuumprocesswasapplieddirectlyto thepolishedmandrelsaftersolvent
cleaningandwiping with adilutesolutionof ammoniumhydroxide. Sampleswhichwere
cleanedultrasonicallyin thecitratecleanershoweddefiniteremovalof residualmaterialsfrom
polishing. The samplesandmandrelswhichweresubjectedto thesolventwiping cleaningand
handlingprocesseswerepotentiallynotasclean. Omissionof thecathodicoxidereductionand
thehotcitratecleaningwasbelievedto leavethepartswith morecontaminationwhich couldbe
transferredto thegold later. This subjectmuststill beaddressedin thenext task.
Resultsof thesetestsshowedthattheevaporatedgoldfrom EB-53producedhighquality
replicatesasdid theelectrolyticgold, althoughdueto vacuumchamberdowntimethenumberof
testswaslimited to savetime. Samplesplatedin analternatevacuumchamberwerenot superior
to theelectrolyticdepositedgoldwith about10- 12angstromstypical for eachalthoughthe
originalsurfaceof themandrelhadbeenmeasuredat6 - 9 angstromsrms.Thebettersamples
from theEB-53vacuumdepositedon thebettersubstrateswerelessthan10angstromsrms atthe
goldsurfaceafterplatingthenickel. All samplesmeasuredwerefrom monitoredmandrel
surfaces.Theconclusionsto dateindicatethatif achamberof sufficient sizeis availableandif
adequatecleanlinessis observedthenthevacuumgold ispreferredovertheelectrolyticprocess
dueto convenienceandpurityof depositachieved.Also with only oneunexplainedexception
thevacuumdepositedgoldhasreleasedfrom theelectrolessnickeleasilyin subsequentprocess-
ing of theshell.
2.3 AdvancedMaterialsfor Mandrels
Additional testswereconductedonavarietyof materialsto determinethesuitabilityof refractory
coatingsof conductiveceramicsfor applicationsof replicatedoptics. Earlier testson float glass
andasiliconcarbidereferencepiecehaveshownthatsubnanometersurfacescanbeaccurately
replicated.
2.3.1 RFSputteredConductiveOxides,CarbidesandRefractoryMetalsfor ImprovedMan-
drels
A mandrelcoatedwith averyhardamorphousor microcrystallineceramicmaterialwhich
conductsin anelectrolyte,mayprovideamoredesirablesubstratefor thefabricationof repli-
catedx-rayquality mirrorsthanelectrolessnickel astheinterfaceto thegold,if it canbe
depositedor polishedto thesameor betterquality. Thishasbeendemonstratedwith silicon
carbidewhich hasbeenpolishedto asurfacefinish of aboutoneangstromrmsby noted
researchers.If sucha substratewerenon-conductivethefirst surfacewhichreplicatesthe
mandrelcouldstill beappliedby vacuumcoatingproceduresolong asproperseparationwere
possibleandthecurrentfor nickelplatingcouldbeproperlyappliedwithoutdamagingthe
coating. Also if theentiremandrelweremadeof a materialwhichwaslower thermalexpansion
thantheelectroformednickelshellthenthereleasecouldbeachievedby heatingratherthan
cooling thesystemthuseliminatingthecondensationissues.
Indium tin oxide,chromiumcarbide,siliconcarbideandtungstencarbidearecandidateconduc-
tive hardceramiccoatingswhichshouldbepossibleto achieveat lowersubstratetemperature
usingRF sputteringor electronbeammeltingproceduresfor vacuumdeposition.
All four coatingswill survivethechemicalenvironmentfor platingelectrolyticgoldandshould
beadherento thepolishedelectrolessnickel. Molybdenumis theselectedhardmetaldepositto
becoatedoverpolishedelectrolessnickel/aluminumandglassslidesubstrates.An attemptto
plateahighmolybdenumalloycontainingtracetitaniumandzirconium(TZM) wasmadeusing
E-beamheatingof thetargetbut theprocessusedproducedaverypoorcoating. It is felt that a
muchbettermolybdenumcoatingis achievablefor thereplicationstudy. Samplesof pure
molybdenumonglasshavebeencoatedbyDr. M. Wilson of UAH andwereverysmoothand
coherentwith surfacesof float glassat afew angstromsrmsbeingessentiallypreservedon the
backsurfaceof theMolybdenum.Thesesampleswerenot availableto thisproject.
Samplesof indiumtin oxidecoatedglasswereobtainedfrom Dr. PalmerPetersandmeasuredby
WYKO interferometry.Thecoatingswerealsomeasuredfor conductivityandrangedfrom a
highof 370to 400ohms/squareto a low of 60 to 70ohms/squareandtheroughnessincreased
accordinglywith the lowerresistanceafunctionof thethickerdeposit.Thesmoothercoatings
wereabout8 - 15angstromson theaverage.Theelectroplatednickel wasdirectly appliedto the
ITO andseparatedwith surfacesverynearlymatchingthestartingvalues. Attemptsto polishthe
ITO with 0.1 micronaluminaresultedin rapidremovalof thecoating.It wasnotpossibleto
electroplategold directlyon theITO samplesdueto thehighcathodicoverpotentialof theITO
comparedto thegoldprocessused.
Samplesof vacuumdepositedsiliconcarbideonglasswerealsoobtainedfrom Dr. Peters.These
samplesmeasuredabout7 - 10angstromsrmsbyWYKO anddid notconductsufficiently well to
beelectroplatedwith nickelor gold. Theuseof a vacuumdepositedgoldwill be requiredif this
typecoatingis used.
A sampleof polishedsiliconcarbidefurnishedbyMorton Internationalwasusedasameasure-
mentstandardfor theUAH andMSFCWYKO instrumentsandalsotheMSFCAFM. This
sampleappearsto consistentlyreturnbetween0.9and3.2angstromsrmsdependingon the
measurementmethodandlocationon thesample.
A plating replicatesamplewasmadefrom this pieceandit wasfoundto besufficiently conduc-
tive to supportthenickel platingdirectbut againnot thegold. Thesamplewascoatedby
evaporationwith gold andelectroplatedwith nickel. Thedepositwasreadilyseparatedbyusing
increasedtemperaturedifferentialbut withoutanyprior passivationprocess.Thereplicated
gold/nickelsurfacewasabout5 angstromsrms with someof thedisturbanceapparently
distortion. Measurementsof thesiliconcarbidesurfaceafterthereplicationrevealednochange.
2.3.2 PhysicalVaporDepositedConductiveNitridesandCarbides
Additional verydesirablecoatingsmayfollow from thetool coatingindustryestablishedby
BalzersInc. Thecapabilityto coattoolswith titaniumandchromiumnitridesandcarbidesis
well establishedandavery largecommercialbusiness.Thesecoatingsareveryhard,electrically
conductiveandinert chemically.Themajordrawbackis thatby thepresentlyusedphysical
vapordeposition(PVD) process,thecoatingsmustbedepositedat about950degreesfahrenheit.
Preliminarytestsonelectrolessnickel platedaluminumcouponswerenotsuccessfuldueto the
higherexpansionof thealuminumwhichwasencapsulatedby thenickel. Whenthesamples
wereheatedto therequiredtemperaturethenickel crackedandflakedoff. Subsequentsubstrates
were410stainlesssteelpiecespolishedto about10-12angstromsrms.
TheBalzersengineerprovidedatnocost,samplesof four coatingsonsteelfor evaluation.The
samplesareTiN (titaniumnitride),TiCN (titaniumcarbon{or carbo} nitride),Cr3C2(chromium
carbide)andCrN (chromiumnitride). Thesubstrateswerenot preparedopticallyandassuchthe
coatingswereaccordinglyveryroughasoptics. Thedepositsareverythick atabout3 - 5
micrometers,andindeedareextremelydurable.A sampleof theBalzerstitaniumnitride coating
onsteelwasselectedfor polishing. After aboutonehourof polishingwith 3micrometeralumina
it wasapparenthat thesamplewastooroughto achievearespectablesurfaceby handpolishing
in thatfashion. Subsequenttestsshowedthatsiliconcarbidesandpaperup to 400grit would
eventuallymovethesurfacetowardsanimprovedquality. Diamondor aluminain excessof 9
microns,usedaslooseabrasive,causedchippingandbrittle failureof thetitaniumnitride
coatings. Howeverafterabouttwo to threehoursof handpolishingwith successivelyfiner grit
SiCpaperdownto 2000mesh,the_samplewashandpolishedwith 3 micronaluminafollowed by
1,0.3and0.1 micronaluminafor about30minuteseach.Thesurfacestill wasnot penetratedto
thesteelwhich is consideredphenomenal.
WYKO measurementshowedthiscrudepolishingprocesson averyroughstartingsamplehad
producedbetween5and 12angstromsrmssurfacefinish. Therewasevidenceof shallowpitting
in thesamplesurface,possiblydueto thesubstrate.Thissamplehasalsobeenusedfor a
replicationtestandthematerialwasfoundto besufficientlyconductiveto supportbothnickel
andgolddepositiondirectly. Samplesof 410 stainlesssteelhavebeenpreparedbyconventional
machiningfollowed by heattreatingin threestagesfrom 1000to 1850degreesfahrenheitand
quenchingwith argongas.
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Thesepartswerethenlappedonanautomatedpolisherusingsuccessivelysmallerdiamond
abrasivesto rapidlyproducesurfacesin theregimeof tenangstromsrmswith manyreadings
achievednearsevenor eightangstromsrms. Subsequently15sampleshavebeencoated(three
each)with titanium nitrideandcarbo-nitrideandchromiumnitrideandcarbide.TheTiN was
coatedonto the410 stainlesspieceswith two processes.Thesesampleswerecoatedby Balzers
in Tonawanda,NY andreturned.TheTiN samplescoatedbytheBalzersdesignation"mirror
block" processareveryreflectiveandsmoothto about14angstromsasreceived.Dataon the
polishingandmeasurementswasperformedonUAH D.O. 139monitoredbyDr. MicheleWilson
of UAH/CAO. Thesesampleswereusedto producereplicatesof gold/nickelsurfacessimilar to
theelectrolessnickel.
Two samplesof TiN coatedstainlesssteelfrom this groupof parts wereelectroplatedwith
nickelabouttentimeseach.Also eachwasononeoccasionplatedwith gold/nickel. The
sampleswereelectroplatedwith goldaboutonemicronthick followedby a minimum50microns
of nickelwhich wasthenreadilyremovable.Nospecialactivationprocesseswereappliedother
thanto cleanthesampleprior to plating. Theresultingreplicateswereaboutthesameasthe
startinginspectionof thesubstrateat about12angstromsrms. To datenosamplesbetterthan
about12angstromsrmshavebeenproducedon thetool coatingof TiN from thePVD process.
Thiswastruefor both thethickerdepositswhichwerelappedandthethinner"mirror block"
samples.In all casesthereplicatereturnedwasnearlyidenticalto thestartingmaterialwith no
evidenceof degradationof theceramicsurface.
A seriesof smallersampleshavebeenpreparedfor additionalvendorsandfor polishingtests.
Theintentionis to developsimilarcoatingsbyusingacombinationof electronbeamevaporation
andionizationof nitrogenat lower temperatureto coatnickel platedaluminumwith titanium
nitride. This wouldpermittherefractoryconductivecoatingsto beappliedto lower temperature
sensitivitysubstratesuchasthediamondturnedaluminumandelectrolessnickel coated
aluminumpieceswhichcouldmuchmorereadilybe fabricatedin theshapesandaccuracy
requiredfor thex-ray mirror mandrels.At this time however, support for this activity is not
available.
2.3.3 Alternate Electrodeposited Coatings for Mandrels
Electroless nickel 11% phosphorous alloy, which is nearly amorphous, is presently used to coat
aluminum for the purpose of producing mirror surfaces. A third approach to fabricating
improved mandrels is to develop an electrodeposited coating which will support the sub-
nanometer surface requirements. A deposit is desired which can be electrodeposited over
aluminum or other materials and single point diamond machined and polished. The electrolytic
processes are typically far less troublesome than the highly volatile, hot electroless solutions
which spontaneously decomposes with use. Note that this is an addition to the original task not
in the SOW so the effort is non-interfering in scope.
The electroless nickel plating processes are not as easily applied as an electrolytic coating. This
is due to a number of reasons but particularly true due to the need to replace the nickel and phos-
phorous chemically rather than from a soluble anode system. Also the deposit is attained at a
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veryhigh temperature,nearboiling, whichrequiresspecialequipmentandhandling. The
solutionconstantlydecomposesuchthatafterafixed amountof depositis acquiredperunit
volumeof solutionthenthesolutionmustbesalvagedfor nickelor sentto achemicalwaste
treatmentfacility. Unfortunately,theelectrolyticpurenickelplatingprocessesdo notproducea
depositwhich is readilydiamondturnedandpolished. Crystallinedepositsof highpurity nickel
form carbideswith thediamondtool cuttingedgeandveryrapidlydegradestheedgesurfaceof
thetool. If a nearlyamorphouselectrolyticnickeldepositcanbeattainedwith theuseof
appropriateadditivesit shouldbepossibleto diamondmachinethematerialwithout significant
damageto thetools in anormaltool life span.Previousattemptsby severalresearchersto
electrodepositnickelphosphoroushavenot beensuccessfulin producinghigh qualitydeposits,
howeverrecentlyTech-Metalsof Columbus,OH announcedthattheycanproducesucha
deposit. NASA MSFCis pursuinga studyof thismaterialoutsidethis contractto determinethe
suitability for fabricationof largemandrelsandmandrelsrequiringthickerdeposits.It hasbeen
possibleto achieveaveryfine grainstructurenickel throughtheuseof additivesotherthan
phosphorous.This typedepositwasexploredbriefly for compatibilitywith optical fabrication
processes.
A solutionof nickelsulfamatecontainingtwo organicadditives,1,3,6naphthalenetrisulfonic
acidandcoumarinwasusedto plateasmallcylinder. Thisdepositwasthenturnedby UAH
usingaconventionalzerorakediamondtool. Thesurfacewasnotasgoodasturnednickel
phosphorousandreturnedonly about300angstroms urfacefinish,howeverthetool wasnot
damagedasis thecasewith purenickel. Polishingof this surfacedid improvethesurfacerapidly
with about20 - 30angstromsachieved.No additionaltimewasput into thiseffort pending
resultsof thecommercialsourcefor electrodepositednickelphosphorous.
2.4 Hybrid Composite/ Plating Combinations
Limited efforts on the fabrication of a test mirror using epoxy graphite filament wound compo-
nents have demonstrated a limited feasibility. Two shells were produced with deposited nickel
shells of only 0.15 to 2 millimeters thickness for the application of composite outer shells of
filament wound graphite epoxy. These thin nickel electroformed shells were successfully
removed from the mandrel without damage. Extended efforts by the European Space Agency on
XMM for several years have not yet knowingly resolved all the issues of the extremely tight
tolerance requirements with the use of graphite and polymeric materials. The moisture des-
orption and uptake is readily calculated to provide extended time deformation calculations of at
least bars and plates for these materials. The approach taken by ESA has been to fabricate and
maintain the components in a dry environment. Due to the extensive effort required to achieve
this environmental control and improve on previous work by others, this effort has been halted at
MSFC for now.
A second approach considered was to add a substantial amount of graphite fibers to the plated
part during the plating process. The procedure produces what is called an electrocomposite. A
sample of nickel plated graphite tow was ordered and received. This material was used to
determine if an electrocomposite could be formed by plating the graphite into the nickel shell at
low stress. This will produce a composite part with high stiffness allowing for much reduced
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weight. Two samplesonacylindrical mandrelwereproducedwith thedensityat about5.0
gramspercubiccentimeter.This is about56%of theweightof conventionalnickel. This type
two phasematerialwill bemoresensitiveto deformationdueto thermaleffectsasthematrix is
comprisedof two materialswith verydifferentthermalproperties.No furtherstudiesweremade
on thismaterialdueto timeconstraints.
This contracthasalsosupportedsomeworkonNextGenerationSpaceTelescope(NGST) which
haslighter replicatedsegmentsof avery largemirror systemunderstudy. Additional funding to
UAH hasalsobeenprovidedbyULTIMA for astudyof thepotentialto replicateextremely
lightweightcomponents.Thegoalsaresuchthatthecompositehybridsarepotentialcandidates
for this typeof on-axismirror system.A seriesof 7.5 inchdiameterflat mirrors weremadefor
theNGSTexperimentswith a foammetalaluminumbackingto beappliedby electrojoiningor
epoxy. ThelargeCTE mismatchis believedto havecausedunacceptableprint throughof the
foammetalcontactpointswith tensof wavesdistortionlocalizedat thesepointswhile theoverall
flatnessappearedto matchthemandrel.
3.0 XRCF CALIBRATION X-RAY MIRRORS
The principle effort of this contract has been to fabricate and test small electroformed nickel x:
ray mirrors using the procedures derived through the test coupons and prior work. The mirrors
were fabricated using in-house MSFC capabilities almost exclusively.
3.1 XRCF Calibration Optic Plating Studies
3.1.1 Hardware
Significant activity has been given to plating tests and hardware to assure that the high quality
mandrels fabricated for this effort would not be damaged and that the ultimate quality will be
replicated. Nine shells in total were produced from mandrel number 1. The information includes
plating parameters and computer control algorithms for assurance. The plating data includes
alteration to the anode configuration to achieve better uniformity. This is needed to provide
uniform stress under control of the computer. The computer program was updated to allow for
shutting off the power supply at a predetermined number of amp-hours of plating. By establish-
ing the plating requirements coulometrically it is possible to predict the average plated thickness
of the part. The distribution of the deposit onto the end pieces is such that any heavy plating is
not on the actual shell. By placing the anodes close to the part and covering all but a two inch
wide slot it has been possible to improve the distribution of the deposit on the central portion of
the mandrel to permit the part to be plated within about two or three percentile low or high
distribution with respect to the weight averaged normal thickness. This in turn permits accurate
control of the distributed stress in the shell of concern without additional shielding. See
Appendix lI for the presentation of this information.
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3.1.2 XRCFMandrel Development
Theweightandthicknessmeasurementsalsopermittedanotherproblemto be realized.The
continuityof theendpiecesto thecentralshellmandrelismadeby connectionthrougha wave
spring. It hadbeendeterminedearlierthatthestainlesssteelspringwoulddropsignificant
voltageattherequiredplatingcurrentto lower thedepositmassunacceptablyon thecentral
mirror mandrel. Thusthewasherswerecopperandgold overplatedto form abettercurrent
carrier. Howeverevenwith theplatedwashersseveralplatingtestsshowedlowermasson the
central(or mirror) mandrelthanpredictedor thanpreviousexperiments.Thecausewas
oxidationof thealuminumformingapoorconnectionto thewavesprings. Also onat leastone
occasionthesealsleakedallowingnickelplatingsolutionto seepinto the interior of themandrel
corrodingtheconnectionsandloweringtheconductivity.
3.1.3 Seals
A studyof different sealmaterialsprovidedbetterknowledgeof sealperformanceagainstall of
theplatingandcleaningmaterials.Redroomtemperaturevulcanizing(RTV) rubberhadbeen
usedexclusivelyuntil this time. Theredmaterialapparentlycontainsiron oxideandpermitsthe
materialto conductundercertainconditionsafterplating for extendedperiodssuchasthe
electroformingrequires.
Dataandsamplesof severalmaterialswereobtainedandtested.
Butyl rubber,Urethane(HarknessMP-600),Teflon (TM) andKALREZ (TM) elastomericTeflon
by DuPontandthreevarietiesof RTV wereevaluated.ThedecisionwasthattheTeflon and
KALREZ wereclearlychemicallysuperiorandtheKALREZ is mostdesirable.
Thebutyl rubber product survived well in the nickel plating exclusive of other processes, but in
the alkaline solution for preparation to electroplate gold the seal failed. Electroplated gold was
used since the vacuum system was being moved at this time. The Urethane MP-600 behaved
well in the nickel but the data sheets did not indicate that this material would suffice in the other
processes. Pure Teflon (R) was of course very inert in all the chemical processes of interest but
suffered from lack of an acceptable sealing surface. Samples were lapped and appeared to seal
against leakage but the edge of the deposit grew over the mandrel in the form of fine whiskers
within very small striations along the Teflon seal. This in turn caused difficulty in removal of the
shell. A number of seal manufacturers and distributors were contacted and the recommendation
for a high value part was to use the newly developed Teflon elastomer from DuPont. This
material is called KALREZ and bears a price tag of more than $25 per square inch with a single
piece minimum purchase of 6"X 6" costing almost $1000.00. This material was tested along
with the Harkness Urethane MP-600 in just nickel plating since the vacuum deposited gold
eliminates the need for the other processes. Both performed extremely well with the KALREZ
actually forming a more permanent bond which rendered it somewhat more difficult to remove
later.
As long as the only plating is the electrolytic nickel, the Urethane MP-600 is desirable. Other
grades of the Harkness urethane stock material were less acceptable with one of the harder grades
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beingunacceptablein thattheplatingclimbedovertheedgefasterthanon theRTV samples.
For theelectrolessnickelcleaning,activationandplatingprocesses,theredRTV appearsto be
superiorto all but theKALREZ. Thechoiceis to usetheRTV for theelectrolessprocessesand
theHarknessurethanefor theelectrolyticnickelplating. Teflon is still usedfor thevacuum
coatingprocessto separatetheendcapsfrom thecentralmandrelsincethegoldcanbe removed
with dilutedaquaregiaandthesealsreusedanynumberof times. Thissteprequiresthatthe
mandrelbedisassembledandreassembledwith theurethanesealswith thedelicategold coating
applied.
3.1.4 Nickel Plating
Nickel plating thicknessuniformity andzerostressconditionswerestudiedusingapart which
wasroughmachined.This requiredmeasurementsof thecurrentdensitywith theQMI current
probeusedon AXAF-S and fixture or anode adjustments to assure the uniformity of the current
density. A plating fixture was purchased to plate the XRCF part horizontally in the electrolytic
plating process. This is to insure that the edge effects are minimized to eliminate the need to trim
the ends of the mirror by machining or grinding as before. The plating proceeded with very good
uniformity with less than 10 percentile deviation. See Appendix III.
A second and third electroless nickel plated mandrel were diamond turned using the new
Pressotech turning center and achieved 25 angstroms rms directly off the machine. These pieces
were polished to a surface of 3 - 6 angstroms rms using only alumina and to date are the best
x-ray mirror mandrels produced by MSFC. These mandrels were not plated until all data from
the previous testing had been compiled and the optimum conditions were determined.
Two preferred optical components have been completed and tested. The first was made on
Mandrel 03 with gold plated by EB lab personnel and the second was the same mandrel with the
gold coated by R. DeHaye. The results of all the x-ray test data will be compiled and reported by
those responsible under separate cover. The preliminary results indicate that indeed both Shell
01 and 02 of Mandrel 03 are extremely good quality with no discernable differences observed.
This demonstrates a repeatable process.
3.2 Separation of Electroformed Nickel Shells
The first test mandrel was coated by evaporated gold and plated with one millimeter nickel.
This part was then used to test the new separation fixture. The separation of the electroformed
shell proceeded well using the new extraction fixture designed and built by MSFC. A small
dimple in the part due to a machining error caused a slight problem in removing the shell and the
temperature had to be reduced below that of the actual release. The removal was performed in a
dry glove box and the moisture condensed was minimal although some frost occurred due to the
extremely low temperature (ca -40 degrees C). The surface appeared to be clean and free of
condensed films. Due to computer problems, the stress was not controlled continuously
throughout the plating run. A second gold coating was evaporated onto the part and the test
repeated. Again the computer halted and failed to retain data. The program was then reviewed
and modified to compile the hardware configuration prior to establishing memory commitments.
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This appearsto haveresolvedtheissuealthoughstorminterferencemayalsohavehadarole in
thesecondprogramfailure. ThecomputerandstressmonitorareonaUPSbut theplatingpower
supplyandpumpsarenot dueto thehighcurrentdemand.
Subsequentplatingtestswith mandrelSN 1,involvedtestingof theautomatedpassivationsetup.
Threetestsweresuccessfulin thatthepassivationcontrolby thecomputerproducedthe
appropriatesurfacefor theelectrodepositionof thegold withoutexcessiveor insufficient
adhesion.Themandrelwasunfortunatelydamagedduringthefifth plating testdueto the
leachingof elastomersfrom thebutyl rubbersealsundertest. Thealkalinesolutionusedto clean
andremoveoxidesfrom themandrelprior to passivationapparentlyleachedthegasketmaterial
(Seesection2.2.1). This causedpooradherenceof thegold in theproximity of thesealswhich
allowednickel platingsolutionto leakin betweentheshellandthemandrelcausingdamageto
themandrel.A sixth shellwaspreparedto continuetestingof theshellthicknessuniformity.
Thepolarizationbehaviorfor thepassivationclearlyidentifiedthatthesurfacewasnot thesame
asusual. A seventhplatingteston thismandrelwasthefinal teston themandreldueto the
damageandthecompletionof thenextmandrel.
3.3 WeightReductionStudies
Thenextphaseof oureffortswasto reducethe opticweight. Severalapproachesareconsidered
andactionhascommencednowthat suitablex-rayopticshavebeenfabricated.Onemethodof
producinglight weightopticsis to simplycalculateandbuild thethinnestwall shellwhichstill
performswell. Thenext is to deviseareinforcementmethod.
Studiesincludeaclosedsolutioncalculationof theshelldeformationasit restsonaflat surface
byUAH andafinite elementanalysisof the shell resting on two V-block pads by NASA using
NASTRAN. The two methods are in good agreement and demonstrate that at 0.75 millimeters
thickness the shell is stable to less than one micron sag by self weight under either condition. A
geometric increase in the sag is observed as the shell thickness decreases to the lowest value
observed at about 0.15 millimeter sag at 0.1 millimeter thickness. The interesting observation is
that the top of the part apparently sags below the surrounding material slightly in the thinnest
cases. This was apparent in both analyses.
Next a simulation of the stiffening effects of slender rings was performed again by two methods.
Comparative results are not yet available but an analysis of the rings with similar loads has been
done to show at least stiffness at the ring site. For three rings of about 0.5 millimeter thickness
and 1.5 millimeter height the deformation of the shell at the ring is returned to the near zero
value observed for the thicker shells. There is still some longitudinal sag which is not supported
and this appears to be about equivalent to the circumferential sag in magnitude for a shell of a
given thickness. This probably means that for 1-G loading it will be necessary to support the
shell at more than two points.
Methods of reinforcement studied also include the addition of a composite shell to a thin wall
electroform prior to removal from the mandrel as described previously. This is underway by
MSFC personnel. The other is to electroform or EDM the small lightweight rings as designed,
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consistentwith thedesignof spidersto hold separateshellsin anassemblylaterandreinforcethe
thin shellsby attachingthering to theshellprior to removalfrom themandrel.
Thering canbemetallurgicallyjoined bydepositionof thenickel to amachinedsupport.This
processis knownaselectrojoiningandhasbeenusedtojoin materialssensitiveto welding
temperaturesandalsoopticalelectroformedpieceswhichcouldnotbebrazedor weldedwithout
distortion.
Thedesignandfabricationof thelighterweightopticshasbeenstartedbasedon thesag
calculationsperformedonNASTRANby MSFC. Thedatahasbeeninputinto actualmirror
designprogramsandisunderstudy. Thesimplercalculationsof thepredictedsagin acylindrical
shellhavebeenobservedto verify theresults. Thesagis reducedin acubicfashionastheshell
becomesthicker. At thethicknessof 0.75millimetersusedpresently,thesagis reducedto about
onemicronor so.
Threethin wall partshavebeenfabricatedto date. Onewith about0.15millimeter thicknesson
mandrel3 andtwo of 0.1millimetersthickness.Onewasmadeonmandrel3 andtheotheron
mandrel1. The separationof oneof thethin shellshasbeenaccomplishedwith relativelylittle
difficulty.
A setof threerings wasmadebyelectroformingnickelusingasideformingmethodfrom disk
shapedmandrels.Theringswerenextplacedover thethin0.1mm shellonmandrel1andthe
partwascleanedandreturnedto theplatingsolution. An additional0.05mm of nickel was
platedto join theringsto theshell. Theresultsappearto beveryencouraging.Theshelltotal
thicknessis 0.15mm now andtheringsappearto havejoined verysmoothly.
TheX-raytestingof thering supportedshellsis not yetcomplete.Datafrom thethin shellsfrom
mandrel3 arescheduledto beanalyzedin July 1997.Additional fixturing andringsfor
supportingthin shellswerestudiedduringthefourthquarterof thiscontract.
Appendix II, figures 1 and 2 shows the mass and supported shell deflection characteristics for
supporting rings of two thicknesses.
Figure 3 shows the deflection of an unsupported shekll versus thickness.
Figure 4 shows the increased moment of inertia (stiffness) of the ring plus the shell for a thin ring
of 0.010 inch thickness.
Figures 5 shows the exaggerated deflection at increasing amplification for a 0.006 inch (0.015
ram) thick shell simply supported by a flat surface. Note that the deflection appears to be greater
at both the top center and bottom center than at points immediately adjacent. This is somewhat
similar to the MSFC FEA analysis on two V-blocks.
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4.0 ADDITIONAL ELECTROCHEMISTRY STUDIES
In order to achieve the overall goals of producing electroformed x-ray or any other optical
components, it is imperative that the deposition process be controlled in every aspect. The
weight and distortion of electroformed nickel components is an issue unless the deposit can be
produced with very low, ideally zero, internal stress throughout in thin sections. This can only be
accomplished if two rules are strictly followed:
1) The deposit must be current density controlled above and below the neutral plating rate
stress point
2) The deposit must be uniformly deposited in thickness to assure the same current density
over all of the part.
The stress in the deposit is controlled by minute changes in the acicular structure of the nickel
grain boundaries developed during crystallization. Many solutions support the deposition of
nickel from the point of view of the anion forming the ionic complex. None are known to
produce a free standing, high purity nickel with low stress better than the sulfamate process
introduced many years ago. A diffusion process controlling the incorporation of a sub-ppm
concentration of nickel sulfide in the grain boundaries is believed by most researchers in the
field, to be responsible for the control mechanism. By plating at different rates the concentration
of these grain boundary striations can be controlled since the formation of the nickel sulfide is
diffusion limited while the deposition rate of the nickel is strictly speaking, mass transport
limited by the available current according to Faraday's Law. Therefore the increase of current
density will cause a lower ratio of the enlarged grain boundaries to form and will permit a more
tensile deposit while the lowering of current density will allow a higher formation opportunity for
the enlarged grain boundaries causing a lowering of the stress.
Unfortunately it is not this simple. Many other factors must apply to allow observance of the two
cardinal rules above. The solution condition especially pH and temperature also immediately
affect the stress control. A drift in other parameters can cause a drift in the stress as well. In
particular the rate of change of potential at the nickel surface with the change in current density
must have the same value globally on the part. This is particularly difficult since at least three
processes are controlling transport phenomena.
In simplified format these are:
1) Solution resistance or conductivity
2) Rate of exchange of nickel and nickel sulfide through the immediate boundary layer next
to the depositing mirror
3) Potential field due to spacing or shielding of the immediate location on the mirror with
respect to the anode.
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While it is certainlynot our intentto reinvent the process of nickel plating, it is mandatory that
those involved in the process of electroforming mirrors are cognizant of the parametric relation-
ships controlling the deposit quality including perhaps foremost the intrinsic stress.
The static solution conductivity per se, is relatively constant over the considerations required but
is related to item 2 in that higher or lower agitation can affect the rate of exchange through the
boundary layer consisting actually of two boundaries and usually called for that reason the double
layer. The potential field is related to the current density by the rate of change of the potential to
the current density as mentioned. The situation in general is that as the end of the part is
considered the current density increases geometrically based on physical arrangement of the
cathode and anode. For all but the most simple configurations this is very difficult to calculate.
Ideally this is constant for a cylindrical part if the ends of the cylinder are exactly coincident with
a conforming cylindrical anode and if the ends are completely insulated across to the anode. This
does not apply for the real situation at hand since it is all but impossible to achieve this arrange-
ment. Fortunately by inserting insulating shields between the high current density areas on the
cathode and the anode it is possible to "shape" the potential field from which the current density
is also controlled in accordance to condition 3 above.
4.1 Computer Programming of Electrochemical Behavior
Recently two major computational efforts have emerged as tools to assist in the design of this
shielding. One is a comprehensive PC based program from E1-Chem in Ohio which has been
developed by Dr. Uzeil Landau of Case Western University. This program has been purchased
by MSFC for use on this effort. The second was written by Oak Ridge National Laboratories
which produces a three dimensional model and considers solution fluid properties such as
agitation over the surface considered. This program by Gary Giles and Jon Bullock will not run
on a PC and is not available to the public. They have produced and presented a cursory model
for comparison to the E1-Chem results. A third much less comprehensive program written by D.
Engelhaupt of UAH, allows for the design of a perforated shield using electrochemical imped-
ance considerations but requires at least one test piece prior to iteration of the design values for
the number of holes, spacing, thickness and diameter of the perforations. Additionally after this
program was written, an article was published by NEED NAME HERE using a somewhat
simplified approach but requiring instead of the test piece, a computer boundary element
evaluation based strictly on conductivity as input. This approach is not believed to have been
used in a separate program
4.2 Computer Aided Design of Electrochemical Cells
This commercial program was purchased to allow simulation of the overall plating cell for new
designs such as the 10 and 20 inch mandrels under fabrication. The program operated under
DOS on a PC with three non-interactive modules when purchased. Since this time a new version
plus additional geometry editing support is available and runs under Windows 95 (TM). This
software has been used to model the 10 inch mandrel. It was found that significant errors in the
results were obtained with the software default values for the electrochemical properties of
sulfamate nickel plating.
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OakRidgeNationalLaboratoryComputationalComparison:
A requestwasmadeto OakRidgeNationalLaboratoriesto usetheirmoresophisticatedthree
dimensionalprogramto modelthe 10inchpartanddeterminepreferredshielding. Theresults
werealsoin errorwith theparametersavailable.A brief literaturesearchdeterminedthatit
wouldbebestto makeourown measurementsof certainelectrochemicalparametervalues. The
log currentdensityslopeversustheappliedpotentialandthecurrentvalueat whicha substrate
switchesfrom cathodicto anodicwererequired.Also thevalueavailablefor theconductivityof
thesolutionwasin error.
Themeasurementsweremadein theMSFCcorrosionlaboratoryandthenusedbybothUAH and
ORNL respectively.AlthoughtheORNL3-D modelis far moresophisticated,theL-Chem
modelscomparedverywell in 2-D. This effort hasallowedthedevelopmentof whatappearsto
beanappropriateshieldingapproachoncetheappropriateinputparameterswereavailable.
Considerableadditionaleffort mustbeput into thiseffort to producemature3-D results. The
effort by ORNL wouldneedto besupportedin someway in orderfor themto finish acomplete
threedimensionalmodel. Howevertheworkcompletedto dateis very impressive.See
AppendixIV for additionalelectrochemicaldataandsamplesof thedepositthicknessachieved
with different candidateshieldingapproaches.
5.0 FUTURE WORK RECOMMENDATIONS
Future work must procede on the process development for the 10 inch and 20 inch mandrels.
The computer modeling of the shielding requirements should be completed prior to the gold
deposition to avoid delays. Testing of the cleaning process of the electroless nickel prior to gold
deposition also remains. Twelve test pieces have been fabricated for this test.
Additional advanced development is required to produce lighter components. This includes a
study of both improved material properties and geometric stiffening methods and materials. The
use of electrocomposites, deposited alloys and electrojoining procedures should be considered.
This additional support will also be applicable to NGST and other replicated optics programs.
This is considered on the stiffening rings, that is to move the moment of inertia of the shell
outwards to stiffen the thin shell with the addition of minimum weight. In the case of the NGST
and Ultima, not only geometric stiffening such as the use of ribs but increasing the thickness of
the mirrors with high stiffness ultra-lightweight cellular material should be considered. In this
case the thickness is not so critical as in the grazing incidence x-ray shells and represents an
entirely different category of fabrication issues. Since the specific stiffness of most designs is a
cubic function of the thickness of a fixed material and linear with density, considerable improve-
ment is possible with cellular construction techniques. By attaching a thick open cell material to
a thin replicated mirror it should be possible to achieve less than 5 Kg/M^2 areal weight with
good stability. The issues become more serious with regards to CTE matching and print through
of bonded areas at isolated attachment points particularly when large temperature gradients or
changes are involved. These procedures have been demonstrated for years and should be
explored for quality and suitability to perform some of these tasks.
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A reviewof thefollowing two casesis appropriate:
1) Casefor low crosssectionrequirementsof thegrazingincidencemirrors:
It is necessaryto definethemaximumthicknessof eachindividualshell in termsof x-ray
collectionareamaskingandoverall sizerequirements.Thematerialdensityandelasticmodulus
is now critical. For nickelat anelasticmodulusof 30MPSIandaspecificgravityof 8.9,the
arealweightof a simpleshellbecomeslimited to eitherthemicroyieldwhichpermitspermanent
deformationduringafabricationtaskor duringlaunch or the 1G selfdeflectionata given
diameter,limiting inspectionandassembly,whicheverisdominant.
a) Microyield dominant: A change is in order within the material strengthening mecha-
nisms, including the following considerations:
Additional pinning sites
Addition of second or higher phases by alloying or composites
Improved microstructure (eg. smaller grains, acicular structures or lamenella)
The microyield of nickel or alloys with cobalt or iron can be tailored over a factor of at least
five. For the electroformed nickel alloys this is on the high end and can be changed at least by a
factor of three using known alloying methods. What is not published to my knowledge is
extensive methods for controlling the intrinsic stress in such deposits. I have experience in
controlling the stress in nickel - iron deposits which have upwards of 200 KSI engineering yield
(0.2% offset) and nearly 300 KSI ultimate tensile strengths. This is about 70 to 100 KSI
microyield compared to about 30 KSI for conventional electroformed nickel. Similarly the
addition of ceramic particles or fibers of sufficiently small diameter can substantially improve the
micro yield strength and lower the CTE and density while an increase in the elastic modulus is
realized. Either the iron or the composite would allow lighter shells if the microyield is the issue.
For the case of the iron I have deposited true invariant expansion (INVAR) material.
b) When the self deflection becomes the design issue:
The bulk thickness must be increased with increased weight
The design must include additional thickness (obscuration) using cellular methods
The material must be changed to a higher specific stiffness selection
A combination such as the composite shell/replicate face may be employed.
The improvement in the specific stiffness of a material depends on alloying or combining with
another material. This material usually, not always, has higher elastic modulus and/or lower
density. Some exceptions exist such as nickel aluminide which is used to improve the perfor-
mance of turbine blades but no known deposition process for electroforming this material is
known.
Many ceramic cases are known such as aluminum and other oxides, many nitrides and carbides
which can be formed into extremely stiff shapes. The replicated surface must be independent in
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thesecases.A combinationof thesematerialswith nickelelectroformingis quitepossiblein the
form of the "electrocomposites"orco-depositedceramicsin thenickel. In thecaseof mirrors the
initial thin layerwouldnotbeacompositeandwouldbe formedfrom asecondprocesscompris-
ing thecomposite.Although an interest in these materials has been around for about forty years,
not much has been done in the actual industrial use of these materials due to lack of understand-
ing and control driving the cost up. Although not applicable as a high stiffness or high strength
material, a significant recentl development is the better understanding of Teflon - nickel
composites used to produce very low coefficient of friction surfaces for sliding components. In
this case the adsorption and deposition phenomena are becoming fairly well defined for
producing high concentration Teflon deposits of high integrity. Several reports are recently
available on the studies. Additional recent attention has been given to the deposition of nickel
with aluminum oxide and silicon carbide to improve the mechanical properties beyond the alloys
of nickel with other metals. It is required to understand the mechanisms for adsorption of the
material into the nickel deposit and for controlling the stress if this is to become useful to us.
The inclusion mechanisms are not completely understood at this time, but to be sure the
mechanical properties can be improved substantially. It would be of interest to extend the
composition methods with the alloy of nickel - iron to achieve several properties simultaneously
which might otherwise be mutually exclusive. The use of the composite shells is still viable as a
second structure using the thin replicate inner shell.
2) Case for the thickness relatively insensitive (NGST):
a) Improvements in the design to increase the stiffness without additional material (weight)
Cellular material attached to back of replicate
Material deposition with ultra-lightweight hollow spheres of graphite or ceramic
Material deposition with lightweight ceramic filler
Cellular or reinforcement rib construction
b) Combinations of above.
Potential Task:
A task to demonstrate the above within the hours I have to commit might include:
1) Formulation and study of an advanced alloy - composite process
a) Demonstrate a succinct material properties improvement with low risk
Deposit nickel-25% iron alloy with known procedures
Measure properties and compare to pure nickel
b) Add to the process, a ceramic material to further advance the properties
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c)
2)
a)
b)
c)
Demonstrate a two layer replicate plus advanced material deposit wherein the thin
lightweight replicate is by more conventional nickel electroform processing.
Continuation of ongoing NGST / Ultima concepts
Join materials with cellular structures to the back of the replicate
Study methods of reducing and eliminating print-through such as forming a partial face
prior to joining and filling the cellular structure, then perhaps forming a second back
plate prior to removing the filler to achieve the best weight to stiffness ratios.
Combinations of both advanced materials and attached structures.
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Table 1- X-ray flourescenceNickel andPhosphorousAlloy Data
SAMPLE# Ni(Wt.%) P(Wt.%)
1 89.10 10.90
2 90.19 9.81
3 88.84 11.16
4 89.05 10.95
5 89.25 10.75
6 89.22 10.78
7 88.34 11.66
8 88.45 11.45
9 89.95 10.05
10 90.40 9.60
11 88.28 11.72
12 89.11 10.89
13 89.12 10.88
14 89.15 10.85
15 88.91 11.09
16 88.28 11.72
17 89.11 10.89
18 89.12 10.88
19 89.15 10.85
20 88.91 11.09
21 88.24 11.76
22 89.29 10.71
23 88.43 11.57
24 88.42 11.58
25 88.77 11.23
26 88.66 11.34
27 88.90 11.10
28 88.65 11.35
29 90.86 9.14
30 90.90 9.10
31 89.64 10.36
32 89.41 10.59
33 89.28 10.72
34 89.34 10.66
35 89.68 10.32
36 89.16 10.84
37 89.08 10.92
38 89.23 10.77
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APPENDIX II - XRCF Deflection and Plating Data
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Vertical Deflection of Cylindrical Shell By
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XRCF Shell Deflection Times 500 in Centimeters
1.0 G Load and 0.0154 Centimeter Thick (0.006 In)
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Pi = 3.14159265
Rho = 8.90
Radius = 5.0 'I.D.
E = 1.933E9
Thick = 0.0154
Rave = Radius+Thick/2
R = Radius
Length = 1.0
Col(1) = Data (90.0,180.0,1.0)
Theta = Col(l)
Mass = 2*Pi*Rave*Thick*Rho*Length
Inertia = (Length*Thick^3)/12
X = R*Sin(2*Theta)
Y = R*Cos(2*Theta)+R
Co1(2) = Y
Co1(3) = X
Co1(9) = -X
K1 = 0.4674*Mass/(E*Inertia*360)
K2 = -0.4292*Mass/(E*Inertia*360)
Ydefl = KI*(R-X)
Xdefl = K2*(R-Y)
Rdefl = Sqrt((X+Xdefl)A2 + (y+Ydefl)n2)
Co1(4) = Ydefl
Co1(5) = Xdefl
Co1(6) = Y-Sum(Ydefl)* 100
Co1(7) = X+Sum(Xdefl)* 100
Co1(8) = -Co1(7)
Col(10) = Rdefl
FIGURE 8
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APPENDIX III - Controlled Low Stress Nickel Plating Process
Discussion:
The fabrication depends on the use of very high quality small Wolter x-ray mirrors. One of the
test mirrors is an electroformed nickel shell with a reflective gold inner surface. The mirror is
made by the same replication processes described previously in the AXAF-S and the SXI
programs using a diamond machined aluminum mandrel with 11% by weight phosphorous-nickel
coating machined and polished to about 6-8 angstroms rms. The difficulty in preparing a suitable
mandrel for the replication mandates that the plating be performed with extreme caution to avoid
any possibility of damage to the surface.
The gold will be plated onto the nickel surface of the mandrel by electron beam evaporation with
no imposed chemical passivation thereby eliminating additional risk of degrading the surface
with any chemical processes for the final pieces.
The plating process for the low stress nickel is a slightly modified Barrett nickel sulfamate
process from Allied Kelite. The bath has a very small amount of a stress reducing compound
which is deliberately under diffusion control. By maintaining the operating conditions such that
the decrease of current will allow a higher percentage of the sulfur from the additive to be incor-
porated as nickel sulfide within the grain boundaries, it is possible to produce a more compres-
sive stress. By increasing the current the stress becomes more tensile due to the diffusion limited
additive condition. A monitor is used to measure the real-time stress as a function of current
density and time. By using computer feedback control, the stress is maintained at zero in real-
time. The stress is controlled at zero for the plating temperature. It has been considered that the
stress should be offset to accommodate the shrinkage back to room temperature. However this
will cause the part to have some intrinsic stress or stored energy as such. This in turn is probably
not desirable. The hoop stress has been estimated at lower temperatures assuming a rigid shell
and zero stress at the plating temperature. The stress is possibly high enough at the interface
upon just cooling from room temperature to allow separation of the gold from the electroless
nickel if the adherence of the gold is low. This in turn could draw impurities under the shell
before it is removed. If the shell is much thinner then the problem is reduced. Present results of
testing indicate that a very clean separation is possible using gold which has been electron beam
evaporated onto a very clean nickel surface cleaned in hot citric acid to remove excess oxide.
This provides sufficient adhesion to avoid room temperature separation of the shell but readily
permits further cooling with liquid nitrogen to allow for separation and removal.
The plating program is written in Pascal and has had all the required modules from the control
card manufacturer compiled to form a single program to operate the power supply and track the
major variables. The program has been modified recently to permit shutting off the power at a
predetermined number of coulombs of power supply input to the plating. This permits the total
nickel plated to be controlled very closely. Care must be taken to allow a small bias to remain to
prevent corrosion of the shell after shutting off the power supply.
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Recentexperimentshaveindicatedthattheassemblyof themandrelusingcopperandgold plated
stainlesssteelspringwashersfor contactis critical. Without thecopperplating thespringswould
heatanddropasignificantportionof theappliedpotentialto thecenteror masterportion of the
mandrelassembly.This in turn causedtheendsto overplatewith nickelbecauseof the larger
portionof thecurrentdrawn. Theimplementationof thecopperplatedspringswith a gold
corrosionprotectionlayerwasconsideredadequateuntil additionalexperimentsshowedthat the
springcontactwasnotalwaysintimate.
Theaccumulationof solutionleakingpastimperfectsealsor theaccumulationof an oxide layer
on the aluminum pieces may cause the electrical connection to diminish. It is very important to
assure integrity of the seals and preclean all contact points.
Nickel Plating Process:
The chemistry of the plating solution must be monitored prior to the processing of critical
hardware. Important are the pH, surface tension of the liquid and the stress profile. Also the
filters and the operating equipment must be checked for faults. The following conditions are
prevalent:
Constituent Condition Tolerance Units
Nickel Sulfamate 110 +/- 10 Grams/Liter
Boric Acid Saturation @ 105 Degrees F.
Nickel Bromide "B" 2% Vol +/- 0.5%
1,3,6 Naphthalene Trisulfonic Acid Stress @ Zero 12-20 mA/Cm^2
NTSA 0.25 (as Required) Grams/Liter
Sodium Laurel Sulfate
"SNAP" 0.25 +/- 0.5
30-45 Dyne Cm Surface Tension by four inch ring 15 sec.
Grams/Liter
pH 4.0 - +/- 0.2 - log H activity
Temperature 110 +/- 0.5 Degrees F.
Filters 2 ea. 16" 10 micron Bx- 3000
1 ea. 16" 1 micron Bx- 1200
Leach all filters in a solution of 0.25 grams/Liter sodium laurel sulfate (SNAP) and 2 - 4
grams/Liter sulfamic acid (SNAC). Rinse thoroughly prior to use.
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Useonly deionized(D.I.) waterfor rinse,make-upandadditions.
Stressprofile is to bedeterminedat 5, 10,15,20,25mA/Cm^2per StressMonitor Operating
Instructions.Zerostressshouldoccurbetween12and20milliampspersquarecentimeter. If the
currentdensity(C.D.) is lower than12mA/Cm^ zatzerostressaddNTSA in 0.05Gm/L
incrementsuntil corrected. Retestafter4 hours.Do notaddmorethan0.25Gm/L without
approvalof processengineer. If theC.D. is higherthan20 mA/Cm^ 2at zerostress,notify
processengineerfor instructions.
A testof thestressshouldbeconductedafteranysignificantprocesschangeor at leastoncea
month.
Thecomputerprogram"XRCF.exe"is to becalledfrom XRCF directoryby autoexecutebatch
file andloadedfrom compiledversiononly.
Call "XRCFset.dat"for 30mil depositor "XRCFsetl.dat"for 6 mil depositdatafile from XRCF
directoryonly.
Setprinteranddatasave(namefile to save)optionsprior to startingthecontrol.
Mandrel preparation:
Clean the rotator and all work areas prior to proceeding.
The end pieces have gone through an evolution to attempt to satisfy rough machining, diamond
machining of the aluminum, electroless nickel (EN) plating, diamond turning of the EN, gold
plating in either the vacuum electron beam, or the electrolytic plating process and eventually the
electrolytic nickel electroforming. If one or both of the end pieces are nickel plated but not gold
plated, the nickel plated piece must be passivated by a 5 minute immersion in 5 Gm/L potassium
dichromate then rinsed and dried prior to assembly.
The mandrel assembly is to include Harkness MP 600 Urethane or DuPont Kalrez Teflon gaskets
and a stainless steel center bolt, washer and nut. Assemble the mandrel after careful inspection
of the aluminum mandrel surfaces and gold plus copper plated wave washers to avoid poor
electrical contact.
Assemble mandrel with additional person available to assist.
Do not insert center bolt past the center of the threads on the large end to avoid interference with
the rotator support shaft.
Place the part on the rotator using the urethane seal.
Rinse the gold plated mandrel with deionized water only.
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Plating Procedure for XRCF:
Verify preparation of computer as described above.
Check solution temperature to assure that it is 110 degrees Fahrenheit. If change is required wait
until it is reached prior to proceeding.
Verify that the line power to the power supply is OFF.
Measure gage body and membrane total thickness prior to starting.
Place stress monitor in solution and set controller to zero after at least 15 minutes immersion and
prior to any plating tests or plating of parts.
Turn KEPCO power supply computer mode switch to manual and set both voltage and current to
zero.
Place part in bath taking care to align the rotator on the predetermined marks and clamp with "C"
clamps. Connect cathode lead to rotator. Turn rotator on to 50% after plugging in.
Wait one minute prior to applying plating current.
Verify that stress monitor is set to zero at this time and that the Voltage and Current controls are
also at zero.
Turn power supply On - Off switch to On.
Verify Auto - Manual switch is set to Manual and slowly apply power.
Watch very carefully to set voltage to less than full scale but above value which will allow five
volt compliance minimum. The ten turn control is 6.0 volts full scale. Eight to eight and one
half turns are required. The power supply crowbar will trip if voltage exceeds six volts.
Adjust current to 8 amps on panel gage. Turn computer control on with supply switch still in
manual. Operate for 30 minutes by controlling current manually to provide slight tensile stress
which will gradually rise from zero to about one millivolt reading.
Reset stress to zero and set manual/automatic switch to automatic. Adjust Current control
upward 1/2 to 1 turn to allow additional current capability for automated control. Computer will
stop automatically at predetermined plating mass (determined by time and current product
summation).
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Procedure for changing gages in operation:
If the desired deposit thickness is more than 0.02 inches the gage should be changed at the mid
point of the plating run or at 0.02 inches whichever occurs first.
I)
2)
3)
4)
5)
6)
7)
8)
Verify second gage is stripped and clean before proceeding.
Place gage in solution and clamp to prevent dropping.
Allow at least 15 minutes for temperature to stabilize.
Turn power supply Current control CCW until power supply is limiting plating current.
Set power supply computer mode switch to manual.
Swap gages and immediately reset stress "Zero" dial to zero.
Return power supply computer mode switch to automatic.
Return Current control to previous setting.
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APPENDIX IV - Electrochemical Study and Current Density Results to Date
Figure 1 XRCF Calibration Mirror Plating Setup
Figure 2 10 Inch Prototype Mandrel Plating Setup
Figures 3 through 8 show improvement in distribution of deposit with shielding.
Figures 9 and 10 show the polarization characteristics of the plating solution.
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Nickel Sulfamate Polarization
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Nickel Sulfamate Polarization
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Nickel Sulfamate Solution
C.D. 15/mA/cm ^
Temperature 45 Deg. C.
Conductivity 0.049 S/cm
Rho Nickel 8.90 gm/cm^3
(Standard Barrett to 110 gm/L Nickel)
Nominally controlled to produce zero stress in real time
58.7
2
1.8 (Lchem)
0.2 (Lchem)
1.87 Molar in nickel
0.35 Estimated based on data from other similar processes
98.0% Ni + (2% Hydrogen & Other Reactions)
At. Wt.
Z
Alpha
Beta
Concentration
Transport # Ni
Efficiency (C)
Efficiency (A)
J exchange
EMF
OCP
Diffusivity
J limiting
v (viscosity)
Re
Ta
100.0% Ni
1.2 * e-5 amps/cm^2
- 0.800 V vs SCE
- 0.601 V vs SCE
1.0 * e-5 cm^2/s
200 mAJcm^2
1.5 cp
2000
5.6 * e "6
q
Tafel Slope (C) 104.6 mv/Decade (measured)
With these values (when applicable), the Lchem program seems to give reasonable values.
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